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Pulmonary arterial hypertension (PAH) is a life-threatening disease characterized by a sustained elevation in the pulmonary artery pressure and subsequent right heart failure. The activation of Rho/Rhokinase activity and the beneficial effect of Rho-kinase inhibition have been demonstrated in several experimental models of pulmonary hypertension. However, it remains unclear whether Rho-kinase inhibitors can also be used against pulmonary hypertension associated with mutations in the type II bone morphogenetic protein receptor (BMPRII) gene. Transgenic mice expressing a dominant-negative BMPRII gene (with an arginine to termination mutation at amino acid 899) in smooth muscle by a tetracycline-gene switch system (SM22-tet-BMPR2 R899X mice) were examined. They developed an elevated right ventricular systolic pressure (RVSP), right ventricular (RV) hypertrophy, muscularization of small pulmonary arteries, and an associated disturbed blood flow in their lungs. The Rho/Rho-kinase activity and Smad activity were determined by a Western blot analysis by detecting GTP-RhoA and the phosphorylation of myosin phosphatase target subunit 1, Smad1, and Smad2. In the lungs of SM22-tet-BMPR2 R899X mice, the Rho/Rho-kinase activity was elevated significantly, whereas the Smad activity was almost unchanged. Fasudil, a Rho-kinase inhibitor, significantly decreased RVSP, alleviated RV hypertrophy and muscularization of small pulmonary arteries, and improved blood flow in SM22-tet-BMPR2 R899X mice, although it did not alter Smad signaling. Our study demonstrates that Rho/Rho-kinase signaling is activated via a Smad-independent pathway in an animal model of pulmonary hypertension with a BMPRII mutation in the cytoplasmic tail domain. Rho-kinase inhibition is therefore a possible therapeutic approach for the treatment of PAH associated with genetic mutation. pulmonary circulation; Rho-kinase inhibitor; bone morphogenetic protein signaling PULMONARY ARTERIAL HYPERTENSION (PAH) is clinically characterized by a sustained elevation in the mean pulmonary artery pressure and subsequent right heart failure leading to significant morbidity and mortality. The histological features of PAH reveal a proliferation of endothelial and smooth muscle cells with vascular remodeling. PAH is usually fatal within three years if untreated. Whereas new therapeutic approaches have prolonged patient survival, the prognosis remains far from satisfactory.
At least 6% of all PAH cases are familial (FPAH) (26) , and the causative gene for FPAH was identified as BMPR2, which encodes a type II bone morphogenetic protein receptor belonging to the transforming growth factor-␤ (TGF-␤) superfamily, which plays a critical role in cell differentiation and cell growth (5, 9) . Because only 10 -20% of subjects with a BMPR2 mutation develop PAH, it is believed that other genes, genetic polymorphisms, or environmental factors are involved in the development of pulmonary hypertension (PH).
We previously reported that transgenic mice expressing a dominant-negative type II bone morphogenetic protein receptor (BMPRII) in smooth muscle show the phenotype of severe PH and right ventricular hypertrophy in the absence of other stimuli (31) . We also demonstrated pulmonary vascular changes resembling the plexiform lesion and dysregulation of gene expression in mice expressing a dominant-negative BMPRII with a stop mutation in the cytoplasmic tail domain (BMPR2 R899X ) (32) . Rho-kinase is one of the downstream effectors of the small G protein Rho, which regulates gene transcription, cell differentiation, proliferation, migration, and smooth muscle contraction (11, 14, 18, 24) . It is also known that Rho/Rho-kinase signaling is a major regulator of vascular tone (25) ; this is true in the pulmonary circulation as well (30) . Rho-kinase inhibition has shown beneficial effects in treatment of hypoxiainduced or monocrotaline-induced PH (1, 2, 6, 21) . We wanted to determine whether the administration of the Rho-kinase inhibitor fasudil may also be effective against PH in cases with a mutation in the BMPRII gene.
MATERIALS AND METHODS
All procedures in the present study were approved by the Chiba University Institutional Animal Care and Use Committee.
Transgenic mice. The expression of a dominant-negative BMPRII gene was controlled by a tetracycline-gene switch system because of the necessity of bone morphogenetic protein (BMP) signaling in the early development of embryos. TetO 7-BMPR2 R899X transgenic mice were generated as previously described (32) . R899X is an arginine to termination mutation at amino acid 899 in the BMPRII tail domain found in family US33 (9) , thus leaving the Smad pathway intact. To induce the expression of BMPR2 R899X in smooth muscle, we crossed TetO7-BMPR2 R899X mice to SM22-reverse tetracycline transcriptional activator (rtTA) transgenic mice with smooth muscle-specific expression of the rtTA. Both transgenic mice were on the FVB/N background. Double-transgenic mice, SM22-tet-BMPR2 R899X mice, were generated and used for all experiments.
Experimental design. Double-transgenic mice were divided into two groups. One group was fed doxycycline in their chow (1 g/kg) from 3 wk after birth. The other group was fed doxycycline in their chow from 3 wk and were treated with fasudil (Asahi Kasei Pharma, Tokyo, Japan), a Rho-kinase inhibitor (100 mg·kg Ϫ1 ·day Ϫ1 ), in drinking water from 10 wk of age for 14 days. Wild-type FVB/N mice fed doxycycline in their chow were prepared as controls. Phenotyping was performed when all mice were 12 wk of age. Some mice at 10 wk of age (n ϭ 7) were challenged with a longer treatment with fasudil for 28 days, i.e., from 10 wk of age to 14 wk of age, to see whether the longer treatment led to different effects.
Heart catheterization. Mice were initially anesthetized with an intraperitoneal injection of pentobarbital sodium (30 mg/kg) and placed on a heated table (ATB-1100; Nihon Kohden, Tokyo, Japan) to maintain their temperature during the procedure. To measure the right ventricular pressure, the right jugular vein was surgically exposed, and a 1.2-Fr pressure catheter (FT111B; Scisense, London, Ontario, Canada) connected to AP-621G (Nihon Kohden) was inserted in the right ventricle (RV) through the incision in the right jugular vein. To measure the left ventricular pressure, the left carotid artery was exposed, and a 1.2-Fr pressure catheter (Scisense) was inserted in the left ventricle (LV). The placement of the catheter tip was determined through observation of the pressure. The catheter was fixed with suture. The right ventricular systolic pressure (RVSP) and the left ventricular systolic pressure (LVSP) were recorded using the UAS-108S software package (Unique Medical, Tokyo, Japan).
Assessment of right ventricular hypertrophy. After death, saline containing 5 U/ml heparin was flushed via the RV, and the heart was removed. The RV wall was separated from the LV wall and the ventricular septum (S). The degree of right ventricular hypertrophy was assessed as the ratio of the weight of the RV wall and that of the LV wall and ventricular septum (LV ϩ S).
Morphometric analysis. The right main bronchus was tied off and snap-frozen after removal of the heart. The left lung was inflated with 0.5% low-melting agarose in PBS via the trachea at a pressure of 25 cmH 2O. The left lung was fixed in 10% buffered formalin for 48 h and then was embedded in paraffin wax. Serial 4-m sections were stained with hematoxylin and eosin according to standard histological procedures. Immunohistochemistry was performed using the following primary antibodies: von Willebrand factor (1:200, goat polyclonal antibody; sc-8068; Santa Cruz Biotechnology, Santa Cruz, CA) and ␣-smooth muscle actin (1:100, rabbit monoclonal antibody; 1184 -1; Epitomics). Pulmonary arteries ranging from 20 to 100 m in diameter were classified into fully muscular (Ͼ75%), partially muscular (25-75%), or nonmuscular (Ͻ25%) to evaluate the muscularization of the pulmonary arteries using Eclipse E400 (Nikon) and Image-Pro plus instruments (Nihon Roper, Tokyo, Japan).
Fluorescent microangiography. The mice were anesthetized with an intraperitoneal injection of a high dose of pentobarbital sodium (50 mg/kg), and the rib cage was cut away. A small incision was made at the left atrium, and saline containing 5 U/ml heparin was flushed via the RV. Next, a 45°C solution of 10% (vol/vol) fluorescent microspheres (FluoSpheres carboxylate-modified microspheres, 0.2 m, yellow-green fluorescent; F8811; Molecular Probes, Eugene, OR) in 1% low-melting agarose in PBS was slowly flushed via the RV through the lungs until it flowed out of the left atrium. The lungs were immediately inflated with 0.8% low-melting agarose in PBS via the trachea at a pressure of 25 cmH2O and cooled with ice to congeal the gel. The lungs were fixed in 4% paraformaldehyde for 48 h and then soaked in a solution of 30% (wt/vol) sucrose in PBS. The lungs were frozen using optimum-cutting temperature compound (Sakura Finetek Japan, Tokyo, Japan). The sections were cut on a cryostat at 40 m. The brightness of the green fluorescence was evaluated semiquantitatively using the Image J software program (National Institutes of Health, Bethesda, MD) according to the manufacturer's instructions to quantify the blood flow in the lungs. In brief, 10 pictures from 5 mice in each group were randomly chosen. The background brightness was subtracted from the pictures, they were divided into smaller regions (66 ϫ 52 pixels), and 25 regions were randomly chosen for the analysis. In each region, the area of green fluorescence was traced, and the intensity of the green brightness was measured. The evaluation was done by two independent pulmonologists in a double-blind manner.
Western blot analysis. The lung tissue specimens were homogenized in lysis buffer containing 50 mM Tris·HCl, pH 8.0, 0.5% Triton X-100, 4 M urea, 1 mM EDTA, 150 mM NaCl, proteinase inhibitor cocktail (Calbiochem), and phosphatase inhibitor cocktail (Nacalai tesque). Homogenates were centrifuged at 10,000 g for 10 min. The protein concentration of the supernatant was determined by the Bradford method (Bio-Rad Protein Assay; Nippon Bio-Rad Laboratories, Tokyo, Japan). Lysates were diluted with sample buffer (1:1) containing 100 mM Tris·HCl, pH 6.8, 4% SDS, 20% glycerol, and 12% ␤-mercaptoethanol and then boiled for 5 min. The samples were separated on 10% or 4 -12% gradient Tris-glycine gels (Invitrogen Japan, Tokyo, Japan) and transferred to nitrocellulose membranes (Invitrogen Japan). Membranes were probed with the following primary antibodies: phospho-myosin phosphatase target subunit 1 on Thr 696 (MYPT1 Thr696 , 1:2,000, rabbit polyclonal antibody; ABS45; Upstate Biotechnology), myosin phosphatase target subunit 1 (MYPT1) (1:1,000, rabbit polyclonal antibody; sc-25618; Santa Cruz Biotechnology), phosho-Smad1
Ser463/465 (1:1,000, rabbit polyclonal antibody; no. 9511; Cell Signaling Technology), phosphoSmad2
Ser465/467 (1:1,000, rabbit polyclonal antibody; no. 3101; Cell Signaling Technology), and ␤-actin (1:200, rabbit polyclonal antibody; sc-130656; Santa Cruz Biotechnology). The membranes were washed and incubated with a secondary antibody (1:100,000, horseradish peroxidase-conjugated anti-rabbit IgG; 111-035-003; Jackson ImmunoResearch Laboratories) and then the SuperSignal West Dura Extended Duration Substrate (Pierce, Rockford, IL). Chemiluminescence was detected by a LAS-1000 instrument (Fuji Film, Tokyo, Japan) and quantified by densitometry.
Measurement of RhoA activity. RhoA activity was assessed using a RhoA activation assay kit (Cytoskeleton) according to the manufacturer's recommendations. The lung tissue specimens were homogenized in lysis buffer (50 mM Tris, pH 7.5, 10 mM MgCl 2, 0.5 M NaCl, and 2% Igepal) including 1:100 diluted protease inhibitor cocktail (62 g/ml leupeptin, 62 g/ml pepstatin A, 14 mg/ml benzamidine, and 12 mg/ml tosyl arginine methyl ester). Homogenates were centrifuged at 10,000 g for 2 min. The protein concentration of the supernatant was determined by the BCA protein assay kit (Pierce). Lysates were incubated with rhotekin-RBD beads for 1 h. Samples were pelleted by centrifugation at 5,000 g for 1 min. The supernatant was removed, and the pellet was washed with wash buffer (25 mM Tris, pH 7.5, 30 mM MgCl 2, and 40 mM NaCl). The pellet was then diluted with sample buffer (1:1) containing 100 mM Tris·HCl, pH 6.8, 4% SDS, 20% glycerol, and 12% ␤-mercaptoethanol and boiled for 2 min. The samples were separated on 12% Tris-glycine gels (Invitrogen Japan) and transferred to nitrocellulose membranes (Invitrogen Japan). Membranes were probed with an anti-RhoA monoclonal antibody (1:500, ARH03; Cytoskeleton). The membranes were washed and incubated with a secondary antibody (1:20,000, horseradish peroxidase-conjugated anti-mouse IgG; 115-035-003; Jackson ImmunoResearch Laboratories) and then the SuperSignal West Dura Extended Duration Substrate (Pierce). Chemiluminescence was detected by a LAS-1000 instrument (Fuji Film) and quantified by densitometry.
Data analysis. All results are expressed as means Ϯ SE. The data were analyzed using one-way ANOVA or the Kruskal-Wallis test. If a statistically significant effect was found, post hoc analysis was performed to detect the difference between the groups. A value of P Ͻ 0.05 was considered to be statistically significant.
RESULTS
The effects of fasudil on hemodynamics and right ventricular hypertrophy. In a previous report, we demonstrated that approximately one-third of SM22-tet-BMPR2 R899X mice that were fed doxycycline from 4 wk of age until 13 wk of age showed elevated RVSP, accompanied with smaller pulmonary arterial occlusion (32) . Hence, we first confirmed this using the present experimental design (i.e., in mice fed doxycycline from 3 wk of age for 9 wk). We also examined whether the mice treated with doxycycline until 10 wk of age, when the fasudil treatment was started, developed PH. Hemodynamic measurements and evaluation of RV hypertrophy were performed to confirm the impact of dominant-negative BMPRII on pulmonary circulation and to investigate the effects of fasudil (Fig. 1) . In general, the majority of SM22-tet-BMPR2 R899X mice in the present study developed PH by the time they were 10 wk of age (RVSP ϭ 39.0 Ϯ 1.7 mmHg, n ϭ 5). The high incidence of PH in the present study was probably due to the fact that the mice started receiving doxycycline at a young age. Starting doxycycline at weaning likely led to an impact on late lung development (31) . The RVSP of mice fed doxycycline from 3 wk of age to 12 wk of age further increased and was significantly higher compared with that in the controls (SM22-tet-BMPR2 R899X : 43.3 Ϯ 1.0 mmHg, n ϭ 20; controls: 26.5 Ϯ 0.8 mmHg, n ϭ 10). Fasudil significantly decreased the RVSP in SM22-tet-BMPR2 R899X mice (37.3 Ϯ 0.9 mmHg, n ϭ 14), although the RVSP in SM22-tet-BMPR2 R899X mice treated with fasudil was still significantly higher than that in the controls. RV hypertrophy developed in SM22-tet-BMPR2 R899X mice as a con- R899X mice (26.5 and 4.3%, respectively) compared with those in the controls (7.8 and 0.5%, respectively). Fasudil decreased the proportions of partially and fully muscularized pulmonary arteries (19.5 and 1.8%, respectively). N, nonmuscular; P, partially muscular; M, fully muscular. Brown, von Willebrand factor; green, ␣-smooth muscle actin. *P Ͻ 0.0001 and **P Ͻ 0.01. sequence of PH. The ratio of RV and LV ϩ ventricular septum (RV/LV ϩ S) was significantly elevated in SM22-tet-BMPR2 R899X mice (0.34 Ϯ 0.01) compared with that in the controls (0.22 Ϯ 0.01). The RV/LV ϩ S in SM22-tet-BMPR2 R899X mice treated with fasudil significantly decreased (0.28 Ϯ 0.01) as a consequence of an improvement in PH. We also used a longer treatment with fasudil (for 4 wk) but found no further decrease in the RVSP (36.7 Ϯ 1.0 mmHg, n ϭ 7) or the RV/LV ϩ S (0.28 Ϯ 0.01, n ϭ 7) was achieved compared with the mice treated for 2 wk. No differences in the LVSP were found between the groups (controls, SM22-tet-BMPR2
R899X
, and SM22-tet-BMPR2 R899X with fasudil ϭ 118.5 Ϯ 4.9, 118.1 Ϯ 4.2, and 116.6 Ϯ 5.3 mmHg, respectively, n ϭ 5).
The effects of fasudil on the muscularization of pulmonary arteries. We assessed the degree of muscularization of pulmonary arteries ranging from 20 to 100 m in diameter by immunohistological evaluation. The proportions of partially and fully muscularized pulmonary arteries were significantly increased in SM22-tet-BMPR2 R899X mice (26.5 and 4.3%, respectively) compared with those in the controls (7.8 and 0.5%, respectively) (Fig. 2) . Treatment with fasudil decreased the proportions of partially and fully muscularized pulmonary arteries (19.5 and 1.8%, respectively), although these values were still higher than those in the controls.
Fluorescent microangiography. The specific vascular structural changes in SM22-tet-BMPR2 R899X mice include the pulmonary artery filling with CD45 ϩ cells, although this is not frequently detected (32) . In the present study, these lesions were rarely observed, probably because of the differences in the experimental design (data not shown). However, the more common feature of the vascular lesions seen in this mouse model, namely the occlusion of smaller vessels, was reproducibly observed in this study. Fluorescent microangiography with 0.2 m fluorescent microspheres was performed to visualize the blood flow in the lungs. A considerable decrease in the blood perfusion in the lungs of SM22-tet-BMPR2 R899X mice was observed compared with the control mice (Fig. 3, A and  B) . The treatment with fasudil apparently improved the blood flow. However, complete recovery of microcirculation throughout the lung was not achieved, and some disturbance of the blood flow was still observed.
Rho-kinase activity and the effect of fasudil on Rho-kinase activity. Rho-kinase inhibits myosin light-chain phosphatase, resulting in phosphorylation of MYPT1 Thr696 (12, 28) . To determine the Rho-kinase activity, the level of phosphorylated MYPT1
Thr696 was measured by a Western blot analysis (Fig. 4A ). The level of MYPT1 phosphorylation was upregulated in SM22-tet-BMPR2 R899X mice, indicating that Rho-kinase activity is elevated in these mice. In contrast, treatment with fasudil apparently decreased the level of MYPT1 phosphorylation.
RhoA activity and the effect of fasudil on RhoA activity. After confirming that Rho-kinase was overactive in SM22-tet- 
BMPR2
R899X mice, we next wanted to determine whether Rho, the upstream regulator of Rho-kinase, was elevated in these mice. To determine the RhoA activity, the level of GTP-RhoA, which activates Rho-kinase, was measured by using rhotekin-RBD beads. The level of GTP-RhoA was found to be upregulated in SM22-tet-BMPR2 R899X mice, indicating that RhoA activity is elevated in these mice (Fig. 4B) . However, treatment with fasudil did not significantly alter the level of GTP-RhoA.
Smad signaling. BMPRII signaling transfers extracellular signals through the Smad pathway, leading to gene transcription (19, 23) . The phosphorylation of Smad1, which is a downstream effector of BMPRII, and the phosphorylation of Smad2, which is an effector of the Smad pathway mainly activated by TGF-␤ stimulation, were detected by a Western blot analysis. The phospho-Smad1
Ser463/465 and phosphoSmad2
Ser465/467 levels were normalized to that of ␤-actin. No differences were observed between the controls and SM22-tet-BMPR2 R899X mice in the phosphorylation of Smad1 and Smad2. In addition, treatment with fasudil did not affect the Smad phosphorylation (Fig. 5, A and B) . Thr696 were normalized to those of total MYPT1. The level of MYPT1 phosphorylation was upregulated in SM22-tet-BMPR2 R899X mice. Treatment with fasudil apparently decreased the level of MYPT1 phosphorylation. B: to determine the RhoA activity, the level of GTP-RhoA was measured. The bands for GTP-RhoA were normalized to those of total RhoA. The level of GTP-RhoA was upregulated in SM22-tet-BMPR2 R899X mice. Treatment with fasudil did not affect the level of GTP-RhoA. *P Ͻ 0.05. ns, Not significant. Fig. 5 . Smad phosphorylation. A: no differences in the Smad1 phosphorylation levels were observed between the controls and SM22-tet-BMPR2 R899X mice. Treatment with fasudil did not affect the level of Smad1 phosphorylation. B: no differences in the Smad2 phosphorylation levels were observed between the controls and SM22-tet-BMPR2 R899X mice. Treatment with fasudil did not affect the level of Smad2 phosphorylation. The bands for phosho-Smad1
Ser465/467 were normalized to those of ␤-actin.
DISCUSSION
The present study demonstrated that the Rho-kinase inhibitor fasudil alleviates PH, RV hypertrophy, and muscularization of pulmonary arteries induced by a BMPRII mutation in the cytoplasmic tail domain in a transgenic animal model. Atkinson et al. (3) reported the expression of BMPRII to be markedly reduced in the lungs of PAH patients regardless of the presence of BMPRII mutations. Yang et al. (34) demonstrated that the growth-suppressive response to BMP4 was attenuated in pulmonary artery smooth muscle cells isolated from PAH patients both with and without BMPRII mutation (34) . Moreover, disruption of BMP/TGF-␤ signaling was demonstrated in two rat models of PH (15) . The important role of Rho-kinase and the beneficial effects of Rho-kinase inhibition for PAH have attracted increasing attention (24); increased Rho-kinase activity and the beneficial effects of Rho-kinase inhibition have been reported in some rodent models of PH (1, 2, 6, 21) ; and an acute vasodilatory effect of a Rho-kinase inhibition has also been demonstrated in PAH patients (8, 10) . Because it is supposed that BMPRII mutation or reduced BMPRII expression plays a key role in the development of PAH, not only in FPAH patients but also in idiopathic pulmonary arterial hypertension patients, we wanted to elucidate whether a Rho-kinase inhibition could be effective against PAH caused by a dominant-negative BMPRII.
In the present study, we observed elevated RVSP and RV hypertrophy in SM22-tet-BMPR2 R899X mice with activation of Rho/Rho-kinase signaling. However, the effects of the Rhokinase inhibition on decreasing RVSP and improving RV hypertrophy were limited, as it was shown that RVSP and the degree of RV hypertrophy in SM22-tet-BMPR2 R899X mice treated with fasudil were still higher than those of the controls. These limitations were also observed in the assessment of muscularization of the pulmonary arteries and the blood flow in the lungs. We believe that this is because BMPRII mutation works through both increased tone (29, 35) and through structural alterations, including vascular stiffening, dropout, and occlusion (17, 32) . Our data suggest that chronic fasudil is doing an excellent job of reversing tone-related defects (Figs. 1 and 4) but has little impact on the progressive loss of vessels (Fig. 3) . We are unclear as to the mechanism of vascular dropout; complex vascular lesions were not seen in these mice, possibly because they are younger and at lower altitude than in previous studies.
It remains unclear why Rho-kinase is upregulated in SM22-tet-BMPR2 R899X mice. We hypothesize the following mechanism (Fig. 6) : competing for common-partner Smad (co-Smad; Smad4), which receptor-mediated Smads (R-Smads) must complex with to translocate to the nucleus, BMP signaling via Smad1/5/8 antagonizes TGF-␤ signaling via Smad2/3. This interaction and a reduction in BMP signaling, which induces an increase in TGF-␤ signaling, are considered to be a possible mechanism underlying the development of PAH in FPAH patients (20) . However, BMPRII mutations with truncation of the cytoplasmic tail domain have been reported to retain the transcriptional activity of BMPRII, although the BMPRII mutations within the extracellular and kinase domains reduced this activity (22) . The mutation used in our model, R899X, is located in the BMPRII cytoplasmic tail domain. Indeed, we did not find any significant alterations of either Smad1 phosphorylation or Smad2 phosphorylation in the present study. Although TGF-␤ signaling via the Smad pathway induces the expression of Rho guanine nucleotide exchange factor, which mediates Rho activation (13) , this mechanism of alteration of the Smad pathway to activate Rho-kinase does not apply to our model. It is also known that BMPs and TGF-␤ regulate MAP kinases, including ERK, JNK, and p38 in certain cell types (23, 36) and that TGF-␤ activate RhoA (4) via a Smad-independent pathway. We reported the activation of p38 in the whole lungs of SM22-tet-BMPR2 R899X mice (32) . In addition, Rudarakanchana et al. (27) reported the activation of p38 and p38-dependent proliferation of cells by transfection of a R899X mutant to NMuMG cells. Rho/Rho-kinase signaling may also be activated by a dysfunction of the BMPRII cytoplasmic tail Fig. 6 . Schematic representation of the interactions between Rho/Rho-kinase signaling and bone morphogenetic protein (BMP)/ transforming growth factor (TGF)-␤ signaling. In SM22-tet-BMPR2 R899X mice, the levels of GTP-RhoA and MYPT1 phosphorylation were elevated, thus indicating that Rho/ Rho-kinase signaling was activated. Two possible pathways, namely the Smad-dependent and Smad-independent pathways, in which BMP/TGF-␤ signaling activated Rho/ Rho-kinase signaling are known. We confirmed that the Smad-dependent pathway was not altered. We therefore speculate that Rho/ Rho-kinase signaling was activated via the Smad-independent pathway. Rho-GEF, Rho guanine nucleotide exchange factor; PP1c, catalytic subunit; M20, a 20-kDa subunit of unknown function; P, inorganic phosphate. domain via the Smad-independent pathway. Alternatively, BMPRII directly interacts with and regulates LIMK, Tctex, and c-Src, all of which have been reported to regulate Rho activity (7, 16, 33) ; LIMK in particular also directly interacts with Rho-kinase. Because the functions of the BMPRII cytoplasmic tail domain are not well-understood, further studies are therefore required.
In summary, we demonstrated that the upregulation of Rho/ Rho-kinase in mice expressing a BMPRII mutant with truncation of the cytoplasmic tail domain results in PH, which also shows the Rho-kinase inhibitor fasudil to be effective against the PH caused by this BMPRII mutant.
